The 22 July 2009 solar eclipse with an obscuration of > 83% at 121.2°E, Dip 35°N) in Taiwan during noon hours has provided a unique opportunity for us to examine its impact on E-region irregularities which were observed simultaneously by the 52 MHz coherent radar and a co-located ionosonde. Significant observations revealed that the daytime E-region strong backscatter echoes at multiple heights and a sudden intensification of the weak sporadic E-layer during the 22 July 2009 solar eclipse. These results follow the research findings of Patra et al. (2009). As the incident solar radiation suddenly blocked by intruding Moon during solar eclipse events that would generally create night-like ionospheric conditions, it is surmised that the E-region irregularities were indeed induced by the eclipse associated effects. The induced effects resulted in faster recombination of molecular ions, generation of gravity waves and electric fields that could have created a conducive environment to excite plasma irregularities through a gradient-drift instability mechanism. The vertical shears of radar Doppler velocity and the peak radar backscatter at the node of Doppler velocity shear, as resolved by the coherent scatter radar with interferometer technique, were possibly due to the upward propagating gravity waves and wave-induced polarization electric fields. The present observational results should not only be highly useful to ascertain plausible mechanisms responsible for nighttime E-region irregularities, but also provided evidence that a solar eclipse could generate E-region plasma irregularities over temperate mid-latitudes for the first time.
INTRODUCTION
Observing a solar eclipse provides a unique opportunity to study various atmospheric processes as it temporarily cuts off solar radiation which is responsible for almost all the physical mechanisms occurring within the Earth's atmosphere. During an eclipse epoch, usual processes of production and ionospheric loss are disturbed locally for a brief period (for example, Van Zandt et al. 1960; West et al. 2008) . Because the formation mechanisms of lower ionospheric layers (E and F1) are dictated predominantly by the amount of solar radiation, which is otherwise absent during solar eclipses, a substantial decay in the plasma densities of E and F1 layers is inevitable (for example, Van Zandt et al. 1960; Davies et al. 1964; Tsai and Liu 1997; Le et al. 2008) .
In addition, a few recent studies have provided evidence that a solar eclipse can induce/enhance plasma irregularities in the E-region (Sridharan et al. 2002; Patra et al. 2009; Thampi et al. 2010 ). For example, Sridharan et al. (2002) used both HF and VHF radar observations from Trivandrum (8.5°N, 77°E, Dip 0.5°N ), a typical equatorial station in India, to investigate the exact effects of electrodynamics on the equatorial E and F-regions during a partial solar eclipse that passed over Trivandrum during pre-sunset hours on 11 August 1999; a few unique features were observed including the sudden intensification of a weak blanketing sporadic E-layer (Es layer) and the associated large enhancement of the VHF backscattered returns, significant increase in h'F (base height of F layer) and distinctly different spatial and temporal structures in spread-F irregularity drift velocities. Though Sridharan et al. (2002) merely linked the phenomenon of sudden intensification of a weak blanketing Es layer to the solar eclipse induced effects, they interpreted the significant height rise in h'F in terms of a local enhancement in the F-region electric field resulting from a plasma density reduction in the low latitude E-region that is electrodynamically connected to the equatorial F-region through geomagnetic field lines. Away from equatorial regions, Patra et al. (2009) and Thampi et al. (2010) used VHF radars located at Gadanki (13.5°N, 79.2°E, Dip 12.5°N), a low-latitude station in India, and at Shigaraki (35.85°N, 136 .1°E, Dip 48°N), a mid-latitude station in Japan, to investigate local E-region responses to solar eclipses; both stations have observed E-region plasma density irregularities during partial solar eclipses which occurred on 11 August 1999 and 22 July 2009, respectively. Both Patra et al. (2009) and Thampi et al. (2010) hypothesized that a solar eclipse could provide 'night-like' conditions which allow the excitation of plasma instability and the generation of plasma irregularities. Further, they conjectured that the irregularities could grow on density gradients formed by the metallic ion layers when molecular ions were recombined during solar eclipse events, although they did not mention the causative mechanism responsible for the formation of metallic ion layers. Also, recently Patra et al. (2011) found 150 km daytime irregularities, so-called valley region irregularities using the Gadanki VHF radar during 15 January 2010 solar eclipse. In this context, to ascertain that the E-region irregularities were indeed induced by a solar eclipse and not a chance occurrence or had occurred due to the availability of other free energy sources responsible for daytime irregularities as reported by Patra et al. (2009) , observational studies on these rare and unique natural events along the path of eclipse are very much needed, and these aspects ignite us to carry-out the present research. Further, it would be most interesting to investigate whether daytime E-region irregularities are observed (or not) during the longest solar eclipse which occurred on 22 July 2009 over a typical equatorial ionization anomaly crest zone station such as Chung-Li (Geographic Lat. 24.9°N, Geographic Long. 121.2°E, Dip 35°N) which is located at temperate mid-latitudes exactly in between the Gadanki and Shigaraki latitudes and where the nighttime backscatter echoes using the 52 MHz radar have been long reported (Chu et al. 1996; Chu and Wang 1997) . By doing so, it may be possible to certify whether a solar eclipse could really induce plasma irregularities in the E-region over low and mid-latitudes or such irregularities belong to the category of mere daytime E-region irregularities observed over Gadanki (Patra et al. 2004 (Patra et al. , 2006 . In addition, the present observations should be useful to know the exact mechanisms responsible for nighttime E-region irregularities over moderate mid latitudes.
Further, the recent studies associated with the 22 July 2009 solar eclipse have reported clear evidence on eclipse induced effects on both the lower (Chen et al. 2010 ) and upper ionosphere (Liu et al. 2011) . Importantly, Liu et al. (2011) found bow and stern waves, which are formed by acoustic gravity waves, in total electron content (TEC) measured using a dense ground-based GPS receiver network over Taiwan during the passage of Moon's shadow boat (the cooling region). Liu et al. (2011) research has provided evidence on the presence of gravity waves during the present solar eclipse epoch over Taiwan and that a gravity wave could have helped in the formation of a Es layer (Hines 1960; Datta 1972) .
We operated the 52 MHz Chung-Li VHF radar along with a co-located ionosonde radar to study the E-region irregularities during the partial solar eclipse which occurred on 22 July 2009. Most importantly, for the first time the measurements of vertical shear of 3-m FAI Doppler velocity in moderate middle latitude Es regions have been made by coherent radar with the interferometer technique during a solar eclipse. Several important features were observed including quasi-periodic (QP) type echoes for about 45 minutes from 0935 to 1020 LT (LT = UT + 0800 hours) and for about 55 minutes from 1040 to 1135 LT when a sudden and intensified Es layer appeared during above periods. In addition, multiple layers were observed, albeit for a short time, by both VHF and ionosonde radars during the peak time of solar eclipse. Daytime QP echoes were observed over this location for the first time during a solar eclipse event. With this concrete observational evidence, it may be reasonable to conclude that the solar eclipses are able to induce plasma irregularities in the E-region over low and mid-latitudes during daytime hours.
This article is organized as follows: section 2 contains typical observational results. Discussion on the possible generation mechanism of E-region irregularities during daytime when the longest solar eclipse passing with supersonic speeds over the Taiwan region is given in section 3 and finally, a summary and conclusion are provided in section 4.
OBSERVATIONS
The longest total solar eclipse over the next hundred years occurred on 22 July 2009 and swept over the East Asian region during a noontime period. Figure 1 depicts the path of the eclipse, which is provided courtesy of F. Espenak of NASA (http://eclipse.gsfc.nasa.gov/SEplot/SEplot2001/ SE2009Jul22T.GIF). This is the standard format for eclipse plots on the NASA site and contains ephemeris and geocentric libration (West et al. 2008 ). As it is evident from Fig. 1 , the path of the lunar umbra shadow commenced initially in India and crossed over Nepal, Bangladesh, Bhutan, Myanmar, and China. The point of greatest eclipse occurred over the western Pacific Ocean region, which is about 100 km south of the Bonin Islands located near the south east of Japan.
The 22 maximum obscuration at 0940 LT. The pertinent times of initial, maximum, and ending phases of this solar eclipse are indicated by vertical lines in green in Figs. 2, 3 and 4. Both VHF radar and ionosonde were operated one week before and after the eclipse event day to study the effect of solar eclipse on E-region plasma processes. Nevertheless, we show here only the observations results during 21 (pre-eclipse day) and 22 July 2009 (during eclipse day). The 52 MHz radar observations were performed in interferometry mode (Chu and Wang 1997 ) and the true heights of backscatter echoes in this present study were determined with interferometry analysis, not with the conventional method (i.e., h = r × sin(θ), where 'r' is the range and θ is the direction of perpendicularity to the magnetic field lines) with which only apparent or approximate height can be determined (Wang and Chu 2001) . On the other hand, the ionosonde was used cyclically at 5 minute intervals to provide ionograms. The configuration of radar experiment along with important parameters used for the present study is given in Table 1 .
The top, middle and lower panels in Fig. 2 show the Range-Time-Intensity (RTI) map along with Doppler velocities and spectral widths of the echoes observed on 21 July 2009. As is shown, no predominant backscatter echoes were present, although strong backscatter echoes were present during post-sunset hours (not shown). The middle panel in Fig. 2 shows the Doppler velocities for the radar data taken in the above period, in which the positive (negative) Doppler velocity represents the target moving away (approaching toward) the radar. Figure 3 shows the RTI map, Doppler velocities and spectral widths of backscatter echoes observed on 22 July 2009. The RTI plots display echoes from the E-region field-aligned irregularities (FAIs), with the presence of typical morning time "continuous echoes" up to ~0835 LT. These continuous echoes occur not only during whole night and also during post-sunrise periods (Choudhary and Mahajan 1999; Ogawa et al. 2002) . The echoes re-appeared around 0935 LT, around 60 minutes after the commencement of the eclipse. These echoes displayed discrete and nearly coherent patterns in RTI maps, which are similar to the "QP type" observed usually during the post-sunset period over low and mid latitudes. These QP type echoes lasted for around 45 minutes at around the 126 km range, with ~7 -9 minute and ~3 -5 minute periodicities. In addition, one additional region of echoes was also observed at higher altitude at around the 133 km range at 0938 LT, however only for a short while, and that was triggered in close coincidence with the peak time of the eclipse. Further, after a short gap (for about 20 minutes), a strong echo pattern was observed between 1040 and 1135 LT at around 130 km range and these echoes also showed QP type features. It should be noted that the large vertical extensions of these echoes were caused by range sidelobe which occurred primarily due to the fact that the Barker codes were employed to the transmitted pulses. It is worth mentioning here that the principle disadvantage of Barker codes is larger sidelobe response (Farley 1983) . Interestingly, the Doppler velocities (middle panel in Fig. 3 ) of QP type echoes observed in both time With interferometry measurements, three-dimensional spatial structures of the 3-meter FAIs in the echo region can be reconstructed (Chu and Wang 1997; Chu et al. 2011) . Figure 4 shows the time sequence of echo patterns on 22 July 2009 projected on the vertical (top panel) and horizontal planes (middle and lower panels). Note that here we did not present the spatial components of echoes on 21 July 2009 as there were no significant echoes observed during that day. The spatial components on 22 July were obtained by operating the 52 MHz radar in interferometry mode by which the angular position and true height of the radar returns from Es irregularities in the echoing region could be determined unambiguously (Chu and Wang 1997) . As can be seen from the Fig. 4 , both continuous and QP echoes observed on 22 July 2009 were found to be located below 100 km, while QP echoes appeared between 1040 and 1135 LT were located above 100 km. Another important observation is that the significant appearance of an additional layer at around 107 -108 km when maximum obscuration of the sun took place over the radar beam location and the presence of an additional layer is shown with red colored lines. It is important to mention here that the presence of a short-lived additional layer was also noticed during the peak time of eclipse in the ionogram and those observational results will be presented in later sections. The spatial distribution of echoes projected on a zonal plane, which was shown in the middle panel of Fig. 4 , indicates clearly that the QP echoes were moving toward westerly direction with the progression of time. It is clear from these figures that both continuous and QP echoes were associated with different morphological features. 
DISCUSSION
At the outset, from relatively smaller Doppler velocities and broad spectral widths (middle and lower panels of Fig. 3) , it can be concluded that the targets responsible for the Doppler spectra were type-2 plasma irregularities. It is generally believed that the mechanism involved in the generation of type-2 meter scale plasma irregularities in the Es layer is gradient drift instability through the non-linear cascade process (Fejer et al. 1984) . According to the linear growth rate, Y, of gradient drift instability, which has the following vector form (Woodman et al. 1991) 
where k is the wavenumber of the plasma waves (or irregularities), ∆N is the vertical gradient of electron density, B is the magnetic field, and i o and e o are, respectively, the ionneutral and electron-neutral collision frequencies, i X and e X are, respectively, the ion and electron gyro-frequencies, V D is the relative electron-ion drift velocity that is driven by E × B drift effect, z is magnetic aspect angle with respect to perpendicularity to the magnetic field line. Therefore, for the plasma irregularities of the Es layer, the excitation of the gradient drift instability requires a upward/northward pointed electric field and westward drift of the irregularities along with vertical plasma density gradients. The present observational results made with the 52 MHz radar have provided clear evidence of the presence of upward/northward pointed electric field (middle panel in Fig. 3 ) and westward drift (middle panel in Fig. 4 ) and, it is therefore reasonable to conclude that the gradient-drift instability mechanism has been excited initially and then the meter-scale irregularities would have been generated from them through a non-linear turbulence cascade process (Farley 1985) so as to produce the backscatter echoes at 3-meter scale.
Having accounted for the observational evidence on upward/northward pointed electric fields, a natural question immediately arises that what are the plausible physical mechanisms responsible for the generation of these electric fields? It is generally thought that the neutral wind shear plays an essential role in the formation of the midlatitude Es layer (Whitehead 1989) . One of the most common and efficient ways to produce neutral wind shear in the Mesosphere and Lower Thermosphere (MLT) regions is the upward propagating tidal and gravity waves (Chu et al. 2011 ). According to Chimonas and Hines (1970) and Liu et al. (2011) as the lunar shadow boat sweeps at supersonic speed across the Earth, the cooling spot acts as a continuous source of gravity waves that build up into a bow wave. In this context, it turns out that there is sufficient observational evidence that points to the generation of gravity waves in the low latitude ionosphere during the 22 July 2009 solar eclipse (Chen et al. 2010; Liu et al. 2011) . The presence of gravity waves is, therefore, pretty sure during this solar eclipse. Such wave activities would have been responsible for the sudden enhancement in Es activity (through wind shear mechanism) and the polarization electric fields in plasma structures of Es layer. It has been shown theoretically and experimentally that gravity wave-associated neutral wind may generate polarization electric field inside Es layer owing to differential collisions between neutral-ion and neutral-electron pairs (Gelinas et al. 2002; Chu et al. 2011) . Chu et al. (2011) have shown schematically how polarization electric field could generate in an Es plasma structure by a gravity-wave induced neutral wind (Fig. 11 in their paper) . According to Chu et al. (2011) a wave-induced polarization electric field will give rise to the drift of ions and electrons in the Es layer through the E × B effect. In order to fulfill the convergence requirement of the plasma for the Es layer formation in northern hemisphere, the wave-associated zonal neutral wind in the upper (lower) portion of the Es layer should be in the west (east) direction (Whitehead 1970) . In the lower E-region below about 130 km, Hall conductivity is appreciably larger than Pedersen conductivity (Rishbeth and Garriott 1969) . In that environment, because ion-neutral collision frequency is comparable to ion-gyrofrequency and electron-neutral collision frequency is much smaller than electron-gyrofrequency (Kelley 1989) , one might expect that the westward (eastward) neutral wind will be responsible for eastward (westward) polarization electric field. In the presence of meter-scale FAIs, VHF coherent scatter radar will detect echoes from the upper (lower) Es layer which will have mean Doppler velocity away (toward) from the radar. Coincidently, the observational results of the present study corroborate the notion proposed by Chu et al. (2011) (see the middle panel of Fig. 3 ). The induced polarization electric field by the neutral wind of the gravity wave with a short period Es layer has been studied by Gelinas et al. (2002) and according to Gelinas et al. (2002) .
where ∆U and ∆E P are, respectively, amplitudes of zonal wind velocity of the gravity wave and wave-induced polarization electric field, m& and m = are, respectively, vertical and horizontal wavelength of the gravity wave, B is the magnetic field flux, O v , P v and H v are, respectively, parallel, Pedersen, and Hall conductivities. From Eq. (2), the relation between E × B drift velocity shear and the gravity wave-induced neutral wind shear can be written as follows:
where
is the mapping distance of the electric field with zonal dimension T m along magnetic field line (Farley 1959) . Note that the assumption of ( )
v v >> 1 has been made in deriving Eq. (3), which is generally valid in Es region (Kelley 1989) . According to Eq. (3) wherein the Doppler velocity shear ( ) W z 2 2 of FAIs is proportional to the neutral wind shear ( ) z U 2 2 that determines the plasma density in the Es layer formed through (wind) convergence process.
In order to verify the exact relation between the Doppler velocity shear and plasma densities, we present in Fig. 8 the spatial distributions of back scatter echoes (first panels), echo power (middle panels), and Doppler velocities (last panels) during the peak of this solar eclipse i.e., at 0935 LT (in Fig. 8a ) and 0940 LT (in Fig. 8b ) on 22 July 2009. As shown, a one-to-one correspondence between the peaks in Doppler velocity shear and the radar backscatter is found to be prevalent. In order to verify whether such correspondence is prevalent or not during other times, particularly between 1050 and 1130 LT, we have made a direct comparison between the Doppler velocity shear ( ) W z 2 2 and radar peak echo power. Figure 9 shows the direct comparison between Doppler velocity shear (red color solid line) and radar peak echo power (blue color solid line) between 0825 and 1150 LT on 22 July 2009. It is interesting to note that there is a great coherency between those two parameters during initial, peak and concluding phases of the solar eclipse which occurred on 22 July 2009 clearly indicating that the peak radar backscatter from the field-aligned irregularities of Es layer occurred at the node of the Doppler velocity shear.
It is also evident from Eq. (3) shear is proportional to the vertical wavelength T m of the gravity wave. It follows from our observations that the gravity wave with vertical wavelengths of around 6 -8 km could have existed during the peak time of this solar eclipse and that it could have helped in the formation of another layer at an altitude of ~107 km (see Figs. 3, 4 and 5 for about 6 -8 km separation between the lower and upper Es layers). However, it is not possible to ascertain directly from this study at this time whether or not the solar eclipse could generate gravity waves with 6 -8 km vertical wavelength.
SUMMARY AND CONCLUSION
The occurrence of a solar eclipse on 22 July 2009 enabled us to observe the ionospheric E-region irregularities over Chung-Li using the 52 MHz radar, for the first time during daytime. It is believed that these E-region irregularities were indeed induced by the eclipse effects. The significant observations during this rare natural event are: (1) appearance of QP type echoes along with an additional echo at higher altitudes with a short duration of time; (2) an abrupt intensification in the weak Es layer with an additional layer at higher range, and (3) the presence of vertical shears of the radar Doppler velocity in the Es layer that is believed to be caused by the upward propagating gravity waves and the peak radar backscatter echo at the node of the Doppler velocity shear. 
